Technical Approach
The technical approach includes tasks for: the development of improved crystal growth processes (Solaicx), innovative wafer fabrication (SiGen), higher efficiency cells, better modules (Dow Corning and STR), automated in-line cell and module production equipment development, product refinement in modules and sytems, and more reliable inverters (Xantrex). The program will involve development of new processes, the identification and evaluation of alternative, reduced cost materials, increased productivity in fabrication ~f products and reduced waste. System development Will include inverters, monitoring and overall streamlining of system deployment. Figure 1 shows the value chain covered in the SunPower SAl contract.
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Sun Power TPP Figure 1 . SunPower SAl TPP 978-1-4244-1641-7/08/$25.00 ©2008 IEEE Technical Work Plan SunPower will develop turn-key, high-efficiency residential systems that are both attractive and cost effective in delivering electricity at grid parity. Key system attributes are an LCOE competitive with grid power by 2015, module efficiency over 20%, and reduced installation time and cost. The figure below highlights typical PV system costs for a residential solar system and the potential impact of this work (Fig. 2) . Higher Solar Cell Performance Increased cell conversion efficiency leverages costs across the value chain from raw polysilicon to installation. High efficiency cells reduce area-related BOS costs, module conversion costs, and installation labor. Additionally, higher efficiency systems are required to provide enough power for the large portion of residential rooftops which are space constrained. Higher efficiency modules allow for higher capacity PV arrays to be mounted within the roof area constraints of a home, thereby amortizing fixed installation and sales costs over more total system Watts. For a given system power, higher efficiency often permits optimized positioning of the array, thereby maximizing total value of energy produced (including factoring in increased time-of-day pricing). As cost per Watt of PV is reduced, the total system size will be increasingly limited by space instead of total system costs, making increased efficiency a strong lever for reducing the end user LCOE.
SunPower currently manufactures 21% efficient solar cells in its 100 MW/yr manufacturing facility. SunPower modules typically generate 40% more power than a similar sized standard crystalline module. In addition to high conversion efficiency, SunPower cells have a low temperature coefficient of -0.38%/C. In independent studies, SunPower modules have demonstrated up to 5% higher energy harvest than traditional modules with an the identical power rating due to this superior temperature coefficient and reduced sensitivity to spectral variation, angle of incidence, and light intensity. SunPower has a comprehensive plan to further improve both conversion efficiency and cell temperature coefficient as part of this program. Figure 3 shows the progress and goals outlined for cell efficiency under this TPP. This team will consist of NREL and SunPower working together to optimize specific processes, yields and efficiency measurements. SunPower has embarked on a re-optimization of the back contact design which has resulted in an efficiency increase of almost 2% absolute. The production line cell efficiency has been improved from 20.6% average to 22.4% average.
This new design has been implemented on a significant portion of the production volume during Q1 2008. The pitch dimension of the P to N junction spacing has an effect on the efficiency as the electrons and holes travel this distance in order to be captured to produce current flow. The new pitch and pattern design has had a net efficiency gain of nearly 2% as mentioned above. Referring back to Figure 5 , the gains in recombination losses have been significant as well as the reduction of dark space losses. This new pattern has improved the distribution. The new pattern has produced a narrower distribution which is more predictable for module builds of different wattage rating (see Fig. 9 ).
This new pattern design is being implemented in the factory lines.
978-1-4244-1641-7/08/$25.00 ©2008 IEEE All future production lines will include this upgrade and as SunPower increases production volume, this represents the major fraction of our production product. Solaicx has developed a high throughput, high lifetime growth method and has provided ingot for analysis.
A schematic of Solaicx' continuous growth process is shown in Figure 11 .
SiGen is working on a kerf-free process to produce high quality silicon wafers.
This process is expected to improve silicon utilization by several multiples. Samples are expected in early summer 2008 for evaluation. Figure 12 shows a schematic of the SiGen approach. Working with SiGen to evaluate a new wafer production technique shows great promise and will be a focal point of this area of the program.
SunPower has reduced its silicon consumption from 11g/W in 2004 to less than 8g/W, the leading silicon utilization rate in the industry. This program seeks to further reduce this silicon utilization rate. SunPower has implemented 145 micron cells in the factory successfully and full conversion is expected by the end of the year to this new thickness, leading the industry.
In the manufacture of high efficiency solar cells, great cost improvements are also possible. In only three years, Sun Power has taken a laboratory process into production and dramatically reduced production costs. The goal is to further reduce the costs by 2010 as part of this program ..
One of the enablers to designing a turnkey integrated system solution is the ability to customize and optimize the module or laminate for the specific system needs. Under this program, SunPower will explore new laminate materials and module designs that will reduce cost and integrate seamlessly into the system solution. Integrated Residential System Solution to Reduce Installation Costs Installation expense must be substantially reduced to meet the SAl cost targets. Installation costs comprise over 25% of a grid-tied residential system cost, much of which is tied up in installers' fixed costs. If one looks at the past five years of residential retrofit installation techniques in the U.S., minimal labor reduction or system improvements have been made. Module manufacturers generally stop their innovation at the point of producing standard format framed glass modules. For example the mounting of modules on racks (which are structurally redundant with the frame), grounding, array stringing, and conduit wiring could all be made more efficient. Further issues such as shadow prediction, and system design must also be streamlined.
SOLAlex
An ideal solution would be to apply systematic design to reduce system installation time, training and standardization to reduce the skill level required for installation (from skilled electrical trades to semiskilled for example), and software and field tool development to automate procedures. With a streamlined installation process, installers will leverage their substantial fixed costs over a greater volume of installations, further reducing the overall customer LCOE.
SunPower will be deploying streamlined installation approaches during this contract.
Figures 13 and 14 depict ideas to be developed for ground mounted and residential rooftop systems. Figure 15 shows the Nellis AFB 14 MW project, the largest in North America, which used some preliminary approaches to streamlined deployment. Up to 1 MW per day was installed at this site, much more work is planned. Attractive System Design SunPower believes, and has validated through extensive market research, that attractive system design will be critical to long term success with homeowners. SunPower's product design features superior appearance with its all black back-contact solar cell as well as visually appealing module packaging. Among early adopters of solar, system design and aesthetics might be a secondary consideration. For some owners, in fact, a conspicuous roof mounted solar system may 978-1-4244-1641-7/08/$25.00 ©2008 IEEE be a source of pride or a social statement. For mainstream adoption of solar systems, appearance will be a large barrier to sale which must be overcome. New integrated system designs are necessary to facilitate the adoption of solar by a wider audience. As part of this program Sun Power will develop appealing integrated residential systems in cooperation with its design partners, homebuilder advisors, and an architectural review board.
Long-Term Reliability Long-term reliability is critical to the success of the PV market. Sun Power has a focused effort to perform accelerated testing of new cell, module, and system technologies.
Sun Power has established testing laboratories in California and the Philippines and has closely monitored field systems for long-term performance data. Silicon solar cells and modules have proven long-term performance, but innovations such as residential integrated roof systems must be carefully designed to avoid potentially higher operating temperatures as well as address fire and safety aspects unique to an integrated approach.
In the residential market, inverter reliability in particular must be improved to reduce the cost and trouble to the homeowner of PV system ownership. This program specifically focuses on extending the field life of the inverter and works hand in hand with our major supplier Xantrex.
Additionally, close internet-connected monitoring of systems and even modules is proposed further enhancing programs of reliability testing and allowing installer partners to deliver proactive customer support.
System Monitoring System performance analysis is a key factor in selling and deployment of systems. It is critical to be certain of meeting the customer's needs. Sun Power is working to refine system modeling software under this program and is making significant improvements in the ability to predict system performance. Table 1 shows the high level of correlation between the software predictions and actual performance of ten different system installations. The average actual kW-hr compared to the predicted kW-hr energy production is over 99%. Continued statistical analysis and program refinement are planned. 
